In this paper we assess the precision and accuracy of interstation vectors determined using the Global Positioning System (GPS) satellites. These vectors were between stations in California separated by 50-450 kin. Using data from tracking the seven block I satellites in campaigns from 1986 through 1989, we examine the precision of GPS measurements over time scales of a several days and a few years. We characterize GPS precision by constant and length dependent terms. The north-south component of the interstation vectors has a short-term precision of 1.9 mm + 0.6 parts in 10s; the east-west component shows a similar precision at the shortest distances, 2.1 ram, with a larger length dependence, 1.3 parts in 10 s. The vertical precision has a mean value of 17 ram, with no clear length dependence. For long-term precision, we examine interstation vectors measured over a period of 2.2 to 2.7 years. When we include the recent results of Davis et al.
INTRODUCTION
Many geodetic techniques have been used to measure crustal deformation across the North American/Pacific plate boundary in California. The oldest data come from triangulation measurements [e.g., Hayford and Baldwin, 1908] ; more recently, precise electronic distance measurement (EDM) has provided many details about strain across faults of the plate boundary [e.g., Savage, 1983] . Both of these procedures measure through the atmosphere and require the measurement points to be intervisible; they are thus limited to distances up to a few tens of kilometers. Both require considerable skill and expensive equipment to pursue successfully.
In the past decade, measurements using extraterrestrial objects, such as satellite lazer ranging (SLR) CIGNET refers to the antenna phase center of the continuously monitoring GPS network [Chin, 1988] . Unless otherwise noted, all sites are in California. Table 1 gives the site names and coordinates, and Table 2 gives a breakdown of which sites were observed when. All but tltree (Mojave, Buttonwillow, and OVRO) lie west of the San Andreas fault. mm error. While the observers at each site recorded local pressure, temperature, and humidity, we have not made use of these data (paper 3 discusses this in more detail).
The GPS data were analyzed with the GPS Inferred Positioning SYstem software (GIPSY) developed at the Jet Propulsion Laboratory [Stephens, 19815; Lichten and Border, 1987] . GPS carrier phase and pseudorange data at both frequencies were reformatted from the original data tapes, and the phase data were checked for cycle slips. This process was automated by using a computer program, Turboedit, described by Blewitt [19_90] . In order to reduce the computer. storage and CPU requirements, we subtracted a model of satellite and station positions from the observables, and a second order polynomial fit was used to compress the 30-s data to 15-min points. This technique is valid as long as the error sources over 15 rain (satellite and receiver clocks and the ionosphere) can be modeled by a second-order poly- The constraints we used for our standard estimation procedure are summarized in Table 3 . We used the broadcast ephemeris to determine nominal values for initial position and velocity of each spacecraft. For each satelhte, we estimated an initial position, initial ;velocity, and the behavior of the satellite clock. We fixed the positions of three "fiducial sites", whose coordinates were derived from VLBI measurements. If properly chosen, these fiducial sites, whose positions are known to better than 2 cm, provide sufficient strength to determine the satellite orbit to better than 2 m (see paper 2 for further detail on both the derivation of fiducial coordinates and their impact on orbit determination). If more than three "VLBI sites" were included in a GPS experiment, the nonfiducial VLBI sites were treated as "mobile sites" and estimated with a standard deviation of 2 kin. In general, our starting (nominal) solution was within Finally• a station-satellite parameter was estimated for each phase ambiguity. The nominal phase ambiguity solution was determined from the pseudorange data. Subsequently, ambiguity resolution ... was attempted. We used a 99% confidence criterion for "fixing" these ambiguities to their integer values, which is described by Blewitt [1989] While much of the information about precision is best obtained from the plots of scatter, we also wish to summarize the results in a compact way. One way of summarizing errors of distance measurements is the expression [Savage, 1983] The differences between our results and those of Dong and 2 Bock may be due to the difference in fiducial networks we used. We leave this discussion to paper 2. The observed short-term precision is a function of our ability to remove error sources associated with satellite orbits, satellite and receiver clocks, and propagation delays; to precisely center the GPS antenna over the monument; and to measure the distance between the antenna base and monument. Precise orbits are not necessarily accurate orbits. Since the accuracy of GPS orbits will influence the accuracy of interstation vectors, we leave that discussion to the next section. Mismeasurement and miscentering of the GPS antenna over the monument are a significant limitation in geodetic measurements of crustal deformation. The constant terms for both horizontal components indicate that centering errors are no greater than 2 mm. It should be noted that over the course of these 11 experiments, no effort was made to send the same field crews and the same equipment to the same sites. Therefore long-term centering errors may be larger, since precise centering may not be accurate centering.
Long-term precision. Although our objective is to summarize long-term precision of interstation vectors from 50 to 450 km in length, it is appropriate to show a few, repre- were for experiments where a high percentage of carrier phase ambiguities were resolved. The number of hours of tracking influences the confidence statistic used to decide whether the carrier phase ambiguity has been adequately resolved [Blewitt, 1989] . In general, we find that ambiguities can be easily resolved with more than an hour of data, with one additional criterion: the interstation spacing should be less than 100 km. In the S88 experiment, the closest spacing of two stations was 223 km We were only able to resolve ß 4 of 32 ambiguities. In experiments with closer interstation spacing, e.g., M88b, we were able to resolve 83 of 85 ambiguities in California.
Experiments conducted over a few days do not provide an adequate sampling of tropospheric and ionospheric conditions. This may explain why long-term vertical precision is degraded relative to short-term precision. With the other error •sources in these data, it is difficult to isolate the atmospheric and ionospheric contribution. Data that are collected continuously, with a stable fiducial network, will be required to discern the seasonal variations which may be present in these data. Continous GPS networks will Mso re- Table 6 .
VLBI mark at Mojave to the VLBI reference mark, NCMN1. These surveys were done conventionally. The measurements from NCMN1 to the three permanent antennae which were placed at Mojave between mid-1988 through early 1989 were made with GPS. For completeness, in 
Results
Tl•e data collected in Table 2 were directed toward •neasating crustal deformation rates in California. Therefore, comparisons with VLBI are mostly limited to interstation vectors in California. Prominently featured in the available Table 7 . Table 7 .
Comparison of Rates
Finally, we compare rates for four baseline vectors in southern and central California. The vertical component discrepancies, while troubling for some baseline vectors, are based on very few data points. We assumed that the GPS phase center, which varies with elevation angle to the GPS satellite, averaged to some mean value. This phase center variation may in fact introduce a systematic bias, which could introduce the offset we see between GPS and VLBI. GPS vertical components are particularly sensitive to poor fiducial networks (see paper 2).
Another possible source of vertical discrepancies is differences due to the estimation technique used to determine propagation delays of the atmosphere. We discuss this further in paper 3.
The agreement between GPS and VLBI rates in all components is extremely encouraging, particularly considering the short time span of GPS data collection. We expect that the rate agreement will continue to improve as we collect more data and eliminate systematic errors. These results confirm the study of Davis et al. [1989] , which found that precision and accuracy (in rates) was subcentimeter on these spatial scales. In turn, this confirms that GPS geodetic measurements are appropriate for crustal deformation experiments, where signals range from several millimeters to hundreds of milhmeters per year. This precision and accuracy may not, of course always be achieved, and there are reasons why the data set we have studied may be better than most. Although we cannot prove this assertion, we feel that one of the most important factors in repeating high-accuracy GPS measurements is keeping as many factors common to all experiments as possible. Although the tracking data for the different experiments have not been homogeneous, most other factors were: the same GPS receiver and data analysis software were used; the same type of GPS antenna was used at nearly all stations; and the same GPS satelhtes (which followed nearly the same apparent sky paths) were available. The challenge remains for the geodetic community to successfully mix different receivers, antennas, block I and block II GPS satellites, and analysis software and to retain the high precision and accuracy achieved with the block I GPS constellation.
